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ABSTRACT 

The  influence  of  the  substrate  on  composition  and  CuPt-type  spontaneous  order  of 
MOVPE  lattice  matched  InGaP/GaAs  layers  was  studied.  The  study  was  carried  out  by 
microRaman  and  microphotoluminescence.  The  order  was  determined  by  the  band  gap,  while  the 
Raman  parameters  were  also  contributed  by  the  surface  topography  that  was  also  related  to  the 
type  of  substrate.  The  spontaneous  order  increases  with  Si-  doping  of  the  substrates.  Doping  the 
layers  with  Zn  randomises  the  alloy. 

INTRODUCTION 

InGaP  layers  lattice  matched  to  GaAs  sub.strates  have  potential  applications  for  electronic 
devices,  e.g.  high  efficiency  tandem  solar  cells,  single  heterojunction  bipolar  transistors,  tunable 
laser  diodes,  etc.  It  has  some  advantages  in  relation  to  AlGaAs  ternary  alloys,  which  are  the  base 
of  many  devices.  Lattice  matched  InGaP  presents  a direct  band  gap  of  1.9  eV,  which  is 
approximately  equal  to  the  maximum  direct  band  gap  that  can  be  obtained  with  AlGaAs  (Ga 
molar  fraction  of  0.4)  [1].  InGaP  is  insensitive  to  oxygen  and  humidity  inside  the  reactor,  which 
is  a well  known  cause  of  A1  instability  in  AlGaAs  [2]. 

InGaP  is  affected  by  other  problems,  in  particular  the  composition  control  and  the 
existence  of  an  spontaneous  ordered  phase.  Ini-xGa^P  matches  the  GaAs  lattice  for  x=0.516  at 
room  temperature;  however  due  to  the  large  lattice  and  thermal  mismatches  between  InP,  GaP 
and  GaAs  the  composition  is  critical  to  avoid  residual  strain  in  the  layers  [3].  The  second 
problem  of  interest  regards  the  spontaneous  order.  InGaP  can  appear  under  a CuPt-type  ordered 
phase  [4,  5].  In  the  ordered  phase  the  cations  are  not  randomly  distributed,  but  seggregate 
spontaneously  into  alternate  (111)  planes  giving  a CuPt-type  structure  in  the  cation  sublattice. 
This  phase  critically  influences  the  optical  and  electrical  properties  of  InGaP/GaAs  layers.  The 
most  important  is  the  shrinking  of  the  band  gap,  which  can  be  reduced  by  100  meV  for  lattice 
matched  composition  [5,  6].  Also,  the  minority  carrier  lifetime  and  mobility  are  sensitive  to 
cation  order  [6].  The  spontaneous  order  is  related  to  the  growth  method  and  the  specific  growth 
conditions,  such  as  the  substrate  temperature  and  the  V/III  ratio.  The  nature  of  the  susbstrate  is 
shown  here  to  influence  the  properties  of  the  layers. 

We  present  herein  a detailed  study  of  the  properties  of  InGaP  layers  grown  by  LP-MOVPE 
(Low  pressure  metal  organic  vapor  phase  epitaxy)  on  different  substrates  aiming  to  understand 
the  influence  of  the  substrate  on  the  spontaneous  order.  The  analysis  is  carried  out  by  High 
Resolution  X-Ray  diffraction  (HRXRD),  Atomic  Force  Microscopy  (AFM),  micro-Raman  (p-R) 
and  micro-Photoluminescence  (p-PL). 
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EXPERIMENTAL  AND  SAMPLES 


Layers  were  grown  at  reduced  pressure  (60  mBar)  by  MOVPE  in  a horizontal  reactor.  The 
precursors  were  trimethylgallium  (TMG),  trimcthylindium  (TMI)  and  Phosphine  (PHj)  and 
Arsine  (AsHs)  as  main  reagents;  arsine  was  diluted  in  hydrogen  (5%).  The  layers  of  InGaP  were 
deposited  on  (100)  GaAs  substrates  cutted  2°  off  towards  the  [1 10]  axis.  The  growth  conditions 
were  the  same  for  all  runs,  namely  substrate  temperature  of  600°C  and  V/lIl  ratio  of  159.60 
(rel.u.).  The  substrates  were  either  semi  insulating  (SI)  or  n-type  (Si-doped),  the  doping  level  of 
the  substrate  was  monitored  by  Raman  spectroscopy,  using  the  LO  phonon-plasmon  coupled 
(LOPC)  modes;  samples  B,  D,  I and  J were  grown  on  semiinsulating  substrates,  samples  F and  H 
were  grown  on  Si-doped  substrates  ([Si]>3xl0"‘  cm  ').  The  InGaP  layers  were  either  undoped 
(B,  D,  F and  H)  Si  ( J)  or  Zn  (I)  doped. 

The  AFM  images  show  that  the  surface  morphology  of  the  InGaP  layers  was  determined 
by  the  type  of  substrate,  figure  1.  In  particular,  layers  grown  on  n-type  substrates  present  flat 
surfaces  suggesting  layer  by  layer  growth.  Instead  of  this,  layers  grown  on  SI  substrates 
exhibited  a rough  surface,  looking  like  an  array  of  parallel  ridges  about  0.2  pm  wide,  which 
expo.ses  (100),  (101)  and  (111)  planes. 


Figure  1.  AFM  images  of  samples  grown  on  n-type  .substrates  (Si-doped)  (a),  and  semiinsulating 
substrates  (b) 

The  layers  were  inve.stigated  by  HRXRD.  Two  (R=0,7t)  symmetric  004  reflections,  R being 
the  azimuthal  angle,  have  been  measured  from  each  sample  to  eliminate  the  effect  of  a possible 
mLscut  angle.  All  the  diffraction  profiles  were  recorded  in  the  0)-29  scan  mode.  To  estimate  the 
perpendicular  mismatch  (^!d/  we  used  the  first  order  formula  (AcUd)^  = -Acocotgdn  , where  0b 
is  the  Bragg  angle  of  the  substrate  and  zltythe  peak  separation  in  arcsec. 

p-R  measurements  were  carried  out  with  a DILOR  XY  Raman  spectrometer  attached  to  a 
metallographic  microscope.  The  514.9  nm  line  of  an  Ar'^  laser  was  focused  onto  the  sample  by 
the  large  numerical  aperture  (NA=0.95)  of  the  microscope  objective,  which  also  collected  the 
scattered  light,  conforming  a nearly  backscattering  geometry.  In  our  usual  experimental 
conditions  the  laser  beam  diameter  at  the  focal  plane  was  slightly  sub-micrometric. 

Room  temperature  lumine.scence  .spectra  were  obtained  in  the  same  DILOR  XY  Raman 
spectrometer,  thus  warranting  that  the  same  points  of  the  samples  were  measured  in  Raman  and 
Luminescence. 
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RESULTS  AND  DISCUSSION 


The  composition  of  the  layers  was  estimated  from  HRXRD  and  p-R  data.  The 
perpendicular  lattice  mismatches,  (Adidy'',  estimated  for  the  six  samples  studied  were  positive, 
which  corresponds  to  compressive  mismatch  and  therefore  to  slightly  Ga  rich  stoichiometry,  the 
composition  was  close  to  the  lattice  matched  value  since  the  maximum  value  of  (Adld)'^  was 
5.101 

p-R  spectra  were  obtained  on  different  points  of  the  samples.  The  p-PL  spectra  were 
obtained  on  the  same  points,  which  allowed  a correlation  between  both  measurements.  The 
Raman  spectrum  of  InGaP  presents  a two  mode  behaviour  [7].  It  consists  of  an  LO  phonon  mode 
(GaP  like)  at  380  cm  ' (henceforth  labeled  LO|),  a TO  phonon  mode  (InP-like,  TO2)  at  330  cm  ', 
which  is  selection  rule  forbidden,  but  is  activated  by  alloy  disorder,  figure  2.  Special  mention 
should  be  paid  to  the  phonon  band  at  365  cm  ’,  which  has  been  associated  with  the  InP-like  LO 
phonon  (LO2),  the  properties  of  this  band  have  been  reported  to  be  sensitive  to  the  spontaneous 
order.  This  band  seems  to  have  a complex  character,  in  fact  a TO  band,  GaP-like  (TOi)  seems  to 
be  located  in  the  same  spectral  region  [8].  On  the  other  hand,  the  frequencies  and  relative 
intensities  of  the  modes  are  dependent  on  the  composition. 

There  is  a clear  difference  between  the  Raman  spectra  of  doped  and  undoped  layers.  The 
phonon  bands  are  broadened  and  the  forbidden  TO  band  is  enhanced  in  the  doped  layers.  This  is 
the  consequence  of  the  existence  of  LOPC  modes  [8].  Therefore,  a comparison  between  the 
Raman  spectra  of  doped  and  undoped  layers  must  be  done  with  caution. 

The  LOi  phonon  can  be  used  to  determine  the  composition  of  the  layers  since  its  Raman 
shift  is  weakly  affected  by  the  spontaneous  order  [7].  The  L0|  phonon  frequency  shifts  almost 
linearly  with  x;  it  increases  by  0.7  cm''/%Ga,  in  the  lattice  matched  composition  range  [9]. 
According  to  the  X-Ray  data  the  samples  were  slightly  Ga-rich.  This  is  confirmed  by  Raman 
spectroscopy,  since  the  Raman  frequencies  were  all  above  the  Raman  frequency  for  lattice 
matching,  which  is  382  cm"';  therefore  the  layers  were  slightly  Ga-rich  (~  52%  Ga).  The  average 
Raman  shifts  measured  are  382.83  cm  '(sample  B),  382.85  cm  ' (sample  D),  382.52  cm’'  (sample 
F),  382.37  cm’'  (sample  H),  382.50  cm  ' (sample  I)  and  385.89  cm  ' (sample  J).  Samples  B,  D,  F, 
H and  I have  compositions  that  differ  each  other  by  less  than  1%.  Sample  J presents  a large 
Raman  shift  that  can  be  interpreted  as  a Ga  rich  composition  (=55%). 

The  Raman  scattering  is  sensitive  to  the  atomic  arrangement;  in  fact,  spontaneous  CuPt- 
type  order  was  observed  to  influence  the  Raman  spectrum.  An  empirical  relation  between  the 
band  gap  and  the  depth  of  the  valley  between  the  two  LO  peaks  in  the  Raman  spectrum  was 
reported  [10].  The  valley  depth  normalized  to  the  intensity  of  the  LO2  phonon  peak  is  taken  as  an 
order  parameter,  labeled  S,  see  figure  2.  The  existence  of  a profound  valley  between  the  two  LO 
bands  (high  S)  corresponds  to  a large  band  gap  (disordered  layer),  a value  of  0.6  has  been 
reported  for  fully  disordered  specimens.  The  valley  depth  decreases  for  partially  ordered 
samples,  reaching  a value  of  0.2  for  fully  ordered  samples  [7,10]. 

The  Raman  spectra  were  obtained  at  several  points  of  the  layers  using  the  Raman 
microprobe.  The  Raman  parameters  of  the  spectra,  that  is,  Raman  Shifts  coloi  and  C0lo2  and  the 
FWHM  (Full  Width  at  Half  Maximum)  of  the  modes  were  studied  in  relation  to  the  valley  depth 
aiming  to  establish  a correlation  between  spontaneous  order  and  the  Raman  parameters.  The 
FWHM  of  the  peaks  is  related  to  the  phonon  correlation  length.  In  fact,  the  FWHM  should 
decrease  when  In  and  Ga  are  randomly  distributed  in  the  cation  sublattice  and  will  increase  for 
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clustering  or  in  the  presence  of  the  ordered  phase.  The  FWHM  of  the  LO|  band  was  observed  to 
increase  with  the  valley  depth,  which  is  controversial  with  the  above  interpretation.  A good 
correlation  is  found  for  the  frequency  splitting  between  both  LO  modes,  Aax,o=(C0i,oi-(0i.o2),  and 
the  valley  depth,  figure  3.  The  valley  depth  increases  when  this  splitting  increases.  This  cannot 
be  related  to  composition  changes  since  the  major  contribution  to  this  splitting  is  due  to  the  down 
frequency  shift  of  the  LOi  Raman  band,  the  LOi  band  frequency  remaining  within  the  limits 
determined  by  the  small  composition  variation  above  discussed,  figure  3.  According  to  the  above 
discussion,  a shift  to  the  low  frequency  of  0)lo2  takes  place  with  a broadening  of  the  LOi  band. 
These  data  are  only  referred  to  the  undoped  samples,  since  the  spectra  obtained  for  doped 
samples,  I and  J,  are  influenced  by  the  LOPC  modes. 


Figure  2,.  Typical  Raman  .spectra  of  lattice  Figure  3..  Ac0i.o(C0i.oi-C0lo2)  (•  ) and 
matched  InGaP/GaAs.  The  order  parameter,  S,  o)i,o2  (InP-like)  (o)  vs  S 
is  defined  as  the  valley  depth,  d,  normalized  to 
the  intensity  of  the  LO2  band,  b ( S=d/b) 

Taking  the  band  gap  as  the  peak  energy  of  the  intrinsic  PL  band  at  room  temperature  one 
obtains  the  following  band  gap  average  energies  for  the  samples:  1.90  eV  (sample  B),  1.87  eV 
(sample  D),  1 .85  eV  (sample  F),  1 .86  cV  (sample  H).  1 .91  eV  (sample  1)  and  1 .89  eV  (sample  J). 
The  PL  spectra  were  measured  at  the  same  pioints  that  the  Raman  spectra. 

The  band  gap  is  also  influenced  by  the  layer  composition.  In  the  lattice  matched  region  the 
band  gap  is  enlarged  by  15  meV  for  an  increase  of  0.01  in  the  molar  fraction  of  Ga  [11]. 
However,  the  composition  of  samples  B,  D,  F,  H and  I was  ob.servcd  to  lay  within  less  than  1% 
percent  interval.  Therefore,  one  can  assume  that  the  band  gap  differences  between  these  samples 
are  mostly  due  to  the  degree  of  spontaneous  order.  Only  the  band  gap  measured  for  sample  J 
could  be  additionally  contributed  by  composition  deviation  from  the  lattice  matched  value, 
according  to  the  Raman  data.  The  largest  band  gap  and  therefore  the  lowest  degree  of 
spontaneous  order  corresponds  to  samples  B and  I,  followed  by  sample  D and  finally  the  higher 
degree  of  order  corresponds  to  samples  F and  H.  Taking  into  account  the  characteristics  of  the 
samples  one  can  argue  that:  i)  n-type  substrates  benefit  the  spontaneous  order,  the  degree  of 
order  increases  with  the  dopant  concentration  of  the  substrate,  ii)  SI  substrates  reduce  the  degree 
of  spontaneous  order,  iii)  Zn  doping  randomiz.es  the  alloy,  which  is  a well  known  property  of  Zn 
[12]. 

If  one  plots  the  band  gap  vs  the  order  parameter,  S,  for  the  undoped  samples  one  observes 
that  the  expected  correlation  does  not  appear,  figure  4.  The  samples  with  the  largest  band  gap,  B 
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and  D,  have  small  S,  while  the  samples  with  the  smallest  band  gap  have  higher  values  of  S.  This 
result  is  controversial  with  the  results  reported  by  other  authors.  This  can  be  explained  on  the 
basis  of  the  complex  nature  of  the  Raman  band  labeled  LO2  and  the  surface  topography  of  our 
samples.  The  samples  grown  on  SI  substrates  present  a rough  topography  with  high  index  planes, 
while  the  topography  of  the  samples  grown  on  n-type  sub.strates  was  smooth,  see  figure  1.  In  our 
scattering  geometry  the  TO  bands  are  forbidden,  however,  they  can  be  activated  by  either  alloy 
fluctuation  or  the  surface  orientation.  The  presence  of  high  index  planes  in  samples  B and  D 
should  activate  the  forbidden  TOi  mode,  with  the  corresponding  lineshape  change  of  the  band  at 
365  cm'',  up  to  now  called  LO2,  which  would  result  on  a reduction  of  S in  spite  of  the  lower 
spontaneous  CuPt-type  order  of  these  samples.  The  smooth  surface  of  samples  F and  H should 
reduce  the  contribution  of  the  forbidden  TOi  mode  to  the  LO2  Raman  band.  An  attentive 
observation  of  the  spectra  of  samples  B and  D .shows  that  the  decrease  of  S is  accompanied  by  an 
increase  of  the  intensity  of  the  other  TO  phonon  band  (InP-like,  TO2)  at  330  cm  ',  figure  5, 
which  is  consistent  with  the  activation  of  the  TO  forbidden  modes  and  the  contribution  of  the 
TOi  mode  to  the  value  of  S. 


Figure  4.  S vs  Eg(nm).  The  line  is  a guide 
to  the  eye 


Figure  5.  S vs  Ito2  /Ilo2  . TO2  is  the  band  at 
330cm‘'.  The  straight  line  is  a guide  to  the  eye. 


Finally,  monochromatic  (intrinsic  emission)  intensity  PL  maps  were  obtained  for  the 
different  samples  at  room  temperature.  Intensity  fluctuations  were  observed,  figure  6.  The 
intrinsic  PL  intensity  is  governed  by  the  competition  between  band  to  band  recombination  and 
non  radiative  recombination  at  deep  levels.  Also  a decrease  of  the  luminescence  intensity  has 
been  reported  (up  to  a factor  3)  for  the  ordered  phase  [11].  Raman  data  did  not  reveal  significant 
composition  changes  over  a sample.  However,  a correlation  between  the  PL  intensity  and  the 
peak  energy  was  observed  in  samples  grown  on  n-type  substrates,  see  Fig.  6.  Therefore,  the  non- 
uniformities of  the  PL  intensity  and  peak  wavelength  can  be  understood  if  one  considers  that  the 
PL  intensity  and  band  gap  energy  changes  are  controlled  by  the  ordered/disordered  volume  ratio 
probed  by  the  laser  beam. 

The  influence  of  the  substrate  on  the  characteristics  of  the  samples  can  be  tentatively 
explained  by  the  change  in  the  lattice  parameter  introduced  by  the  Si  impurities,  since  the  other 
growth  parameters  were  the  same  for  all  the  growth  runs.  The  smooth  layer  by  layer  growth 
allows  the  segregation  of  cations,  while  the  tridimensional  growth  avoids  it. 
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Figure  6.  Monochromatic  PL  map  (room  temperature)  of  sample  F,  (a).  The  bar  is  1 mm.  Ipl  vs 
Eg  measured  in  sample  F (b). 


CONCLUSIONS 

The  influence  of  the  type  of  substrate  on  the  order  of  lattice  matched  InGaP/GaAs  layers 
was  studied  by  p-R  and  p-PL.  The  Si  doping  of  the  substrates  benefits  the  ordering,  which  is 
related  to  the  shrink  of  the  band  gap.  The  Raman  parameters  were  demonstrated  to  be  also 
influenced  by  the  surface  topography,  since  the  S parameter  was  related  to  the  activation  of  the 
forbidden  TOi  (GaP-like)  Raman  mode,  therefore,  S cannot  be  used  as  a measure  of  the  order  for 
samples  with  rough  surface.  Spatial  inhomogeneities  were  related  to  the  distribution  of  the 
ordered  / disordered  domains. 
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